Abstract: This paper presents a robust H ∞ optimal control design for an automotive electromechanical brake (EMB).
INTRODUCTION
Electromechancial brakes are currently being developed as a potential successor to the hydraulic brakes that are standard on modern automobiles. They offer an attractive alternative with potential advantages including component reduction, system weight reduction, 'plug, bolt and play' modularity, improved brake performance and a brake system that supports a drive-by-wire platform.
As shown in Fig. 1 , electromechanical brakes use a motor to clamp and release the brake. In the present design a motor torque may be developed between the stator 1 and rotor 2, driving a planetary gear 3 and ball screw 4, to advance the piston 5 and apply the brake pad 6 against the brake rotor. The brake clamp force, F cl , is then reacted over the bridge 7 of the floating caliper by the opposing brake pad.
Electromechanical brakes are installed on the vehicle with a mechanical, power and communications interface. Brake commands from the driver or a high level vehicle control are then transmitted to the actuator via a time-triggered communication protocol. Depending on how functionality is arranged, the command may set the brake force or a mode of operation such as standby, off or anti-lock braking (ABS). While brake torque control would be ideal for managing vehicle dynamics, feedback measurements are difficult. For this reason prototype EMBs have typically resorted to controlling brake clamp force, F cl , as the next best, or least removed, alternative.
Prior published work on EMB control has mainly considered the issue of brake performance, but there has been little written regarding the handling of uncertainty. A degree of actuator uncertainty may be particularly due to the effects of wear and temperature. For example, stiffness is known to vary with brake pad thickness and temperature (Schwarz, Isermann, Böhm, Nell and Rieth, 1999) . Friction in the EMB mechanism may also be liable to significant variation with wear. It is important that such variation and uncertainty is considered in the control design. Fig. 1 . EMB from PBR Australia Pty. Ltd. (Wang, Kaganov, Code and Knudtzen, 2005) The importance of robust EMB control has motivated the prior work of (Krishnamurthy, Lu, Khorrami and Keyhani, 2005) and (Lu, 2005 Motivated by the need to ensure stability and performance, this paper presents a robust H ∞ control design for an electromechanical brake. In preparation, Section 2 first outlines the EMB model used for simulation and control design. Parametric uncertainty and unmodelled dynamics are then considered in Section 3 with a robust EMB control design. The design includes structured uncertainty to avoid unnecessarily conservative perturbations. A modified control architecture is introduced using feedback linearisation and inverse gain scheduling to facilitate a reduced specification of structured uncertainty.
The uncertainty and performance specification is given in Section 4. Section 5 follows with controller synthesis and reduction. The control is then demonstrated with experimental and simulation results in Section 6. A critical discussion ensues and leads to a conclusion on the robust EMB design in Section 7.
ELECTROMECHANICAL BRAKE MODEL
The simplified, lumped parameter EMB model used for simulation and control design is shown in Fig. 2 and was based on that in (Line, Manzie and Good, 2004) . The input is the motor quadrature current, i q , and the output is the brake clamp force, F cl . The halfcaliper model assumes that the brake clamp force developed at one brake pad is reacted over the bridge of the floating caliper by the opposing brake pad. The simplified EMB model considers a torque balance about the motor axis where the net torque of the motor, T m , clamp load, T L , and friction, T F , give
where K t is the motor torque constant and N is the total gear reduction. 
The friction model is depicted in Fig. 3 and may be described as a friction-velocity map with a load dependency factor, G.
The friction torque is given by,
Here, D is the viscous friction coefficient, C is the Coulomb friction, T s is the maximum loadindependent static friction and ε is a small bound for zero velocity detection.
The model has three conditions that describe friction in the state of motion, The stiffness from 0 to 40 kN was described by the experimentally determined relationship, 
where F cl is given in kilonewtons and the nominal spindle position, x, in millimeters. It should be noted that the simplified stiffness model does not capture the secondary effect of viscoelastic stiffness hysteresis.
The model parameters were determined from system identification experiments and are summarised in Table 1 . 
The model of the EMB mechanism was augmented with a single-phase motor approximation. The motor circuit comprised a series 0.05 Ω resistance, R, and 56 µH inductance, L. The electronic transients were described by,
where the back electromotive force (EMF) coefficient was K b =2/3K t and the pulse-width modulated voltage, v q , was limited to 42 V.
Finally, a sensor model was included for closed-loop simulations. The controller operated on a merged force-position feedback to handle operation in the clearance region. In this approach the clearance may be represented using 'negative force' values. The sensor model described the transition between force and position (or 'negative force') feedback near the zero contact point.
ROBUST CONTROL DESIGN
The objective of the EMB robust H ∞ control design is to handle model uncertainty by optimising the performance under the worst case scenario. The control design is based on a linear system with bounded uncertainty to describe a set of EMB actuators. For actuators within the set of uncertain systems, the robust control design may then guarantee robust stability and a limit on the worst case performance.
A careful structuring of model uncertainty is particularly important in the robust control design to avoid unnecessarily conservative perturbations. Approximating the nonlinear plant in Fig. 2 with a linear system and a large degree of uncertainty to allow for unmodelled nonlinearity is not an attractive approach. It may also be difficult to describe discontinuous functions such as friction is this manner. Instead, a reduced specification of uncertainty may be achieved by first applying techniques of feedback linearisation and inverse gain scheduling to partially linearise the apparent plant seen by the controller.
A modified control architecture (Line, Manzie and Good, 2006) may be introduced to help alleviate the actuator nonlinearty prior to the linear robust control design. The modified control architecture is shown in Fig. 4 and includes direct compensation of the static to the control variable ν. As a consequence of the modified control architecture the controller K c is largely isolated from actuator nonlinearity except for the unavoidable actuator saturation.
For brevity some detail is not shown in Fig. 4 . For example, the plant from Fig. 2 is redrawn using a 'mechanism' block. Also, the power electronics that execute the current command, * q i , are represented by the 'current control' block. In reality the three phase motor commutation is managed by the switching of power transistors in a dc-link converter. The motor operation was approximated using the motor circuit in (4) with a discrete proportional-integral current control. This regulated the current by adjusting the pulse-width modulation of the 42V supply.
Using the modified control architecture in Fig. 4 it is possible to specify a linear model with a reduced level of uncertainty. A large uncertainty is no longer necessary to describe unmodelled nonlinearity. Instead, a reduced uncertainty is only specified to tolerate unmodelled dynamics arising from imperfect compensation.
The introduction of uncertainty for imperfect compensation is graphically depicted in Fig. 5 . Firstly, the block diagram of Fig. 2 . An 'offset' term is sometimes included to re-centre the uncertainty bound. For example, the uncertainty for D in Table 2 is non-symmetric and the D offset term in Fig. 6 re-centers the nominal gain within the uncertain bound. In Fig. 7 , K is specified as a two-degree-of-freedom controller for improved performance. If all the uncertainties were set to zero then the problem would reduce to an H ∞ optimal control design for the weighted plant shown in Fig. 8 W 1 shapes the desired sensitivity, S, from the reference, r, to the error, e. Meanwhile, W 2 shapes the desired transfer function KS from the reference, r, to the input, u, and may be used to include actuator saturation in the design.
Writing the plant transfer matrix from To ensure these conditions are satisfied a small weighting, W n , is applied to the noise signal, n. A nominal small load offset, W offset , is also included in Fig. 6 . The satisfaction of conditions and the mixed sensitivity weighting are similar to that in (Mackenroth, 2004) , p.431.
The performance weights and bounded uncertainties need to be chosen for robust performance over a reasonable set of actuator uncertainty. Design specifications are subsequently given in Section 4.
DESIGN SPECIFICATION
Two design specifications are considered in the robust control design. The first specification is given in Table 2 and contains a practical level of uncertainty with desirable performance. Table 3 then contains a relaxed specification with a reduced uncertainty and performance.
The uncertainty in Table 2 was specified to offer a reasonable tolerance to imperfect compensation and inaccurate modelling of friction and stiffness. The performance weights were shaped to provide reasonable step and frequency responses, attenuate high frequency noise and avoid actuator saturation.
Nominal values for the gear ratio and friction load dependency are denoted by N o and G o respectively. 
CONTROLLER SYNTHESIS AND REDUCTION
With the control design in the general form of Fig. 7 , controller synthesis may be performed using commercial software such as MATLAB. After defining the problem framework, uncertainty, and performance weights, the MATLAB function dksyn() was used to synthesis a robust controller via D-K iteration.
The controllers produced by µ synthesis are typically of high order. Hence, a controller reduction is applied for a more practical realisation. A reduction of the state-space controller is possible by methods of Controller reduction was performed using the MATLAB function reduce(). As an example, the controller from the 2nd design specification was reduced from 8 states to 5 and the corresponding Bode diagram is shown in Fig. 9 . The plot shows a close agreement between the high order and reduced controller.
Following synthesis and reduction, the state-space controller was converted to a discrete time system and balanced for implementation on a fixed-point, discrete time embedded controller. The discretised controller, K, resulting from the 2nd design specification in Table 3 was ultimately given by,
with a period of T = 4 ms.
where, 
The robust control design is a continuous time procedure and it is recognised that the discretisation of the synthesised control is an approximation. This may be considered reasonable when the sampling period is fast relative to the system dynamics. In this case the 4ms period is more than an order of magnitude below the 0.1-0.2 s step apply time in Fig.  10 and Fig. 11. 
RESULTS AND DISCUSSION
The success of the robust EMB control design can be partly assessed in terms of the γ value achieved. γ indicates the magnitude of the specified uncertainty for which the control offers robust stability and performance and γ =1 would be ideal. However, with the design specification in Table 2 the robust control synthesis produced a large value of γ ≈2.07. This indicated that the robust design was not particularly successful. In other words, the control design did not guarantee robust performance over the specified actuator uncertainty.
Since the robust EMB control design was not successful for the desired level of performance and uncertainty in Table 2 , it is appropriate to either stop at this conclusion or otherwise relax the design specification. For the purpose of continuing the investigation, the second approach of reducing the design specification was followed.
To determine a more achievable level of robustness the specification of actuator uncertainty and performance was reduced until an acceptable γ value was achieved. This lead to the design specification in Table 3 and a smaller value of γ ≈1.39. Following reduction, discretisation and balancing the state-space controller in (7) was produced.
While it was possible to reduce the specification of EMB uncertainty and performance to obtain a more successful control design (with a low γ value), this somewhat defeats the initial objective of robust performance over a reasonable set of actuators. It may be seen that the design specification in Table 3 only offers a limited tolerance to uncertainty. Further, with the magnitude of M u increased, the controller no longer avoids the 40 A current saturation for force commands approaching a magnitude of 30 kN. This further reduces the operational envelope for which robustness is guaranteed.
Another criticism of the robust EMB control design may be that it considers a continuous time system and only approximates the discrete nature of the fixedpoint embedded control. Also, the approach of mainly avoiding actuator saturation inevitably produces a conservative response. This compounds the conservative nature of the robust control design.
Aware of the limitations of the robust EMB control design, it is still useful to confirm the anticipated performance by experiment. To this end a large 25 kN brake apply was measured and simulated on the prototype actuator in Fig. 1 using the robust controller given in (7). A comparison of the results is shown in Fig. 10 . Generally, the results indicate a reasonable (7) agreement between the simulated and measured response. The discrepancies are likely to arise from simulation inaccuracy. Also, it was difficult to ensure the controller states had identical initial conditions. The simulated controller could be initialised, but the experimental controller had an operational history and had to be settled at an initial state.
The performance of the robust EMB control was benchmarked against a standard cascaded PI control. This had feedback loops to regulate the clamp force, motor velocity and current. Conditional integration was included for integral anti-windup. The PI gains for the force and velocity control were optimally tuned by minimising a penalty on the squared force tracking error and the mechanical power demand. The cost function had a dominant weighting on the tracking error. This lead to gains that best suited large manoeuvres such as a full brake apply.
The experimental results in Fig. 11 compare the cascaded PI control and robust control performance for a light 5 kN brake apply. As it might be expected, the robust control has a comparatively conservative performance. However, the benefit of the robust design is that the performance may be guaranteed over a set of uncertain actuators. This may be contrasted with the situation for the cascaded PI control where the handling of uncertainty would need to be checked by an exhaustive simulation of 'whatif' scenarios.
To complement the performance results on the nominal actuator, the EMB control is also simulated on a perturbed system. The simulation offers a controlled environment for adjusting the model parameters and investigating the response. Two perturbed systems were constructed by selecting actuator uncertainty within the To investigate how the perturbed actuators were managed a series of closed-loop step responses was simulated. The robust controller given in (7) was again compared with the cascaded PI control. While it is appreciated that the large perturbations exceed the guaranteed level of robustness in Table 3 , an analysis of the best and worst case scenarios may better expose the behaviour of the control. The simulated responses for a 10 kN brake apply are shown in Fig. 13 . Two curves are apparent for each controller and correspond to the best and worst case actuator perturbations. As was the case in Fig. 11 , it is seen that the robust control offers a conservative response. To an extent both controllers reject the disturbances observed in the open-loop responses of Fig. 12 by the mechanism of feedback. However, it is seen that brake apply profile with the robust control is Fig. 13 . Simulated 10 kN brake apply comparing the EMB robust control performance against that of a cascaded PI control for the two perturbed plants less sensitive to perturbation and shows less deviation than that with the cascaded PI control.
When compared with a cascaded PI control, the robust EMB control appears be less sensitive to actuator perturbations. Further, the robust control design can explicitly guarantee stability and a level of performance over a set of uncertain actuators. On the other hand, the robust EMB control has the disadvantage that it tends to be conservative.
Successfully designing a robust EMB control is challenging due to the conflicting requirements for high performance and tolerance to uncertainty. To achieve a successful design it was necessary to reduce the design specification. As a consequence the guaranteed tolerance to perturbations was rather limited.
During emergency or anti-lock braking the electromechanical brake may be actuated to its limits. Given the need for a rapid brake response the conservative robust EMB control may not be the most suitable approach for handling uncertainty.
CONCLUSION
Despite a careful incorporation of structured uncertainty it was difficult to achieve an electromechanical brake control design with robust stability and performance over a reasonable set of actuator uncertainty. When compared with a benchmark cascaded PI control the robust control performance was overly conservative. Part of the problem was that the need for a high brake performance conflicted with a conservative handling of uncertainty. To approach a reasonable brake performance it was necessary to relax the specification on model uncertainty. However, this would somewhat defeat the original intent of maintaining robustness over a reasonable set of actuator uncertainty. Consequently, future work should concentrate on improving the performance of the actuator and investigating different approaches to address actuator uncertainty in the controller design.
